S keletal muscle plays a pivotal role in metabolic adaptation to severe stress. Muscle resistance to insulin's ability to promote glucose uptake and metabolism directly contributes to increasing blood glucose in patients affected by critical illness or recovering from major surgery (1) . Hyperglycemia has direct negative effects on endothelial and immune functions (2) . Activation of muscle proteolysis with relative inhibition of protein synthesis leads to muscle wasting and efflux of free amino acids (3) . Glutamine has the fastest releasing rate because it is largely synthesized de novo and stored in muscle cytoplasm. In critical illness and after major surgery, the muscle glutamine pool is rapidly depleted to provide free glutamine both to the liver and rapidly dividing cells of gut mucosa and the immune system (4) . Such increased utilization is not matched by sufficient muscle production (5) (6) (7) . In addition to amino acids, asymmetrical (ADMA) and symmetrical (SDMA) dimethylarginines, produced by methylation of arginine residues in proteins, are also released from skeletal muscle as obligatory products of protein turnover (8) . ADMA is an endogenous inhibitor of nitric oxide synthase that may cause endothelial dysfunction (8) . In the clinical setting, hyperglycemia, glutamine depletion, and increased ADMA concentrations were associated with poor outcome in critically ill patients (4, 9, 10) . Insulin-mediated strict glucose control and glutamine supplementation decreased morbidity and mortality in selected patients (4, 9) .
The present study was designed to explore potential interactions between pathways of glucose and amino acid metabolism in skeletal muscle of intensive care patients. In skeletal muscle, glucose serves as a precursor for the carbon skeleton of glutamine (11) . Under physiologic conditions, glutamine release from skeletal muscle increases during euglycemic hyperinsulinemia (12, 13) because of increased conversion of glucose to glutamine. A recent study has determined the effect of hyperglycemia on carbon transfer rate from glucose to glutamine during intravenous dextrose infusion in healthy volunteers and insulin-deprived type 1 diabetic subjects (11) . Hyperglycemia in healthy subjects stimulated carbon flux from glucose to glutamine, whereas the rise in carbon transfer from glucose to glutamine was not observed in diabetic subjects. These results suggest that carbon transfer from glucose to glutamine may depend on adequate insulin availability and action. Hyperglycemia can also increase ADMA levels by inhibiting methylarginine intracellular enzymatic degradation by the enzyme dimethylarginine dimethylaminohydrolase (8) . Finally, insulin and glucose availability have deep influence on the synthesis and degradation pathways of muscle protein and on oxidation of individual amino acids, especially branched chain (14, 15) .
We have selected a population of slightly overweight patients with cancer who underwent abdominal radical surgery combined with intraoperative radiation therapy (16, 17) to maximize muscle metabolic alterations (4, 18 -20) , such as insulin resistance, acceleration of proteolysis, inhibition of protein synthesis, and glutamine depletion. A 2-day crossover experimental design was used to compare the effects of moderate hyperglycemia and euglycemia, resulting from 24 hrs of traditional or intensive insulin treatment, on the rates of skeletal muscle protein synthesis and degradation, leucine oxidation, glutamine de novo synthesis, and dimethylarginine production, as determined by the leg arteriovenous catheterization and stable isotopic tracers (21, 22) .
METHODS

Patients.
We have studied eight adult female patients (age, 54 Ϯ 4 yrs; body mass index, 26 Ϯ 2 kg/m 2 ) with colorectal (n ϭ 3), cervical (n ϭ 1), endometrial (n ϭ 1), ovarian (n ϭ 2), and kidney (n ϭ 1) cancer and no major organ-system diseases, after the complete surgical removal of the tumor in combination with intraoperative radiation therapy (16, 17 . Experimental Design. Each patient was studied twice. Two leg muscle metabolic studies (which included determination of whole body and muscle protein and amino acid metabolism) were performed at the end of the 24-hr periods of conventional or tight glycemic control. To account for time-related changes of muscle metabolism after surgery and for potential interference between two close stable-isotope infusions, the conventional glycemic control period either preceded (protocol 1) or followed (protocol 2) the tight glycemic control period. Patients were randomly assigned to protocol 1 (n ϭ 4) or to protocol 2 (n ϭ 4). In the patients assigned to protocol 1, a conventional insulin treatment was started after surgery at about 11 am and continued for 24 hrs (i.e., a continuous infusion of regular insulin was started only if the blood glucose level exceeded 9.4 mmol/L, and the infusion was adjusted to maintain the glucose level at a value between 8.3 and 11.1 mmol/L). In the patients assigned to protocol 2, an intensive insulin treatment was started after surgery at about 11 am and continued for 24 hrs (i.e., an insulin infusion was started if the blood glucose level exceeded 6.1 mmol/L, and the infusion was adjusted to maintain normoglycemia [4.4 to 6.9 mmol/L]) (9) . The next day, a leg muscle metabolic study was performed in all patients from 8 to 11 am. Thereafter, in the four patients who previously received conventional insulin treatment, an intensive insulin treatment was started and was continued for 24 hrs. In the other four patients who previously received intensive insulin treatment, a 24-hr conventional insulin treatment was commenced. The second metabolic study was performed from 8 to 11 am during the last 3 hrs of either conventional or intensive insulin treatment. During the two study days, blood glucose concentrations were determined approximately every 2 hrs.
Leg Metabolic Study. On the morning of the first day after surgery, the first leg muscle metabolic study was performed from 8 am to 11 am. Indwelling catheters placed for clinical purposes in a femoral and internal jugular vein and in a radial artery were used for isotope infusion and blood sampling. At 8 am, femoral venous blood samples were obtained to measure background phenylalanine enrichment. Then, primed, continuous infusions of L-[ring- 2 H 5 ]phenylalanine (Cambridge Isotope Laboratories) were started and maintained constant for 3 hrs (prime dose, 1 mol/ kg; infusion rate, 0.02 mol·kg Ϫ1 ·min Ϫ1 ). After 160 mins, three blood samples were taken every 10 mins from the radial artery and the femoral vein to determine plasma glucose and amino acid concentrations and phenylalanine enrichments. Leg blood flow was measured by plethysmography after every blood sample (22) . Leg plasma flow was calculated from the hematocrit. Infusion of labeled phenylalanine was stopped at time 180 mins. On the morning of the second day after surgery, the second leg muscle metabolic study was performed from 8 am to 11 am, as described.
Analysis. Concentrations of selected amino acids (phenylalanine, leucine, and glutamine) and isotopic enrichment of L-[ring-2 H 5 ]phenylalanine were measured in plasma samples taken from the radial artery and femoral vein, as previously described (21, 22) . The stable isotopes L- [1- 13 C]phenylalanine, L-[1-13 C]leucine, and L- [5- 15 N]glutamine were added to the tubes as internal standards (22) . To determine the enrichment of the infused tracer and the internal standards of free phenylalanine, leucine, and glutamine in the plasma, the t-butyldimethylsilyl derivatives were prepared as described by Biolo et al (21) . Tracer/tracee ratios were measured by gas chromatography-mass spectrometry analysis (Hewlett-Packard 5985) (21) . Plasma concentrations of arginine, ADMA, and SDMA were determined by high-pressure liquid chromatography, as previously described (23) . Insulin, C-peptide, and glucose concentrations were determined by standard methods.
Calculations. Calculations of glucose and amino acid kinetics used averaged values of plasma concentrations and enrichments obtained at the end of each leg metabolic study. Skeletal muscle is considered to largely account for glucose and amino acid metabolism in the whole leg (21) . The leg muscle net balance for glucose and amino acids was calculated from the Fick principle:
where C A and C V are plasma glucose or amino acid concentrations in radial artery and femoral vein, respectively, and F is leg plasma flow. Positive values indicate net uptake, whereas negative values indicate net release. In steadystate condition of amino acid concentrations, amino acid uptake or release across the leg reflects the balance between intracellular production and disposal for that particular amino acid. Thus, net phenylalanine release from leg muscle is a marker of net protein catabolism (i.e., the difference between protein synthesis and degradation) because this amino acid is not synthesized or oxidized in muscle tissue (21, 22, 24) . In contrast, skeletal muscle is the main site of oxidation of the branched-chain amino acids leucine, valine, and isoleucine and of glutamine synthesis from glutamate. We assumed that amino acids are released from protein catabolism in proportion to their relative content in muscle proteins (21) . Thus, the net rates of release from protein catabolism of leucine and glutamine can be calculated from the net rate of phenylalanine release corrected for the molar ratios glutamine/ phenylalanine (i.e., 0.92) and leucine/ phenylalanine (i.e., 3.10) determined in mixed human muscle protein (21) . The rate of net glutamine de novo synthesis (i.e., the differences between the rates of de novo synthesis and nonprotein utilization of the amino acid) and of nonprotein leucine disposal (i.e., and index of leucine oxidation) can be calculated by subtracting the component accounted for by protein catabolism from the total release or uptake of these amino acids (glutamine de novo synthesis was transformed into a positive number): ) from total whole body phenylalanine rate of appearance.
Muscle phenylalanine Ra from proteolysis was calculated as follows (21, 22, 24) : [4] C and E indicate values of arterial (A) or femoral venous (V) phenylalanine (PHE) concentrations and enrichments, respectively.
Leg muscle phenylalanine rate of disappearance (Rd) to muscle protein synthesis was calculated as follows (21, 22, 24) : Phenylalanine Rd to protein synthesis ϭ Phenylalanine Ra from proteolysis ϩ Net phenylalanine balance [5] Insulin sensitivity was determined according to the quantitative insulin-sensitivity check index (QUICKI) that is determined by a mathematical transformation of plasma glucose and insulin levels as follows (25):
where I is plasma insulin concentration (microunits/mL) and G is plasma glucose concentration (mg/dL). QUICKI is a dimensionless index without units. During each study day, values of blood glucose concentrations, determined approximately every 2 hrs, were plotted on a graph. The area under the curve was calculated geometrically from 12 values of blood glucose concentrations as referenced (26) . Units for area under the curve are blood glucose concentrations (mmol·L Ϫ1 ) ϫ 24 hrs. Data Presentation and Statistics. Each patient was studied twice. Two leg muscle metabolic studies (which included determination of whole body and muscle protein and amino acid metabolism) were performed at the end of 24-hr periods of conventional (control) or tight glycemic control (euglycemia). To account for time-related changes of muscle metabolism after surgery and for potential interference between two close stable-isotope infusions, patients were randomly assigned to protocol 1 (n ϭ 4) or to protocol 2 (n ϭ 4). In protocol 1, the euglycemic period preceded the hyperglycemic control period. In protocol 2, the euglycemic period followed the hyperglycemic control period. Results obtained in the euglycemic and control periods in subjects assigned to protocols 1 and 2 were analyzed with repeated-measures analysis of variance with intervention (euglycemia/control) and time (day 1/day 2 after surgery) as the two factors. 
RESULTS
Clinical Data and Glucose Kinetics. Table 1 shows selected clinical data during the two study days. Patients were hemodynamically stable, as shown by the values of systolic and diastolic arterial pressure, heart rate, leg plasma flow, and hematocrit determined during the two metabolic studies performed on days 1 and 2 after surgery, either in euglycemia or hyperglycemia (control period). Plasma creatinine and albumin concentrations did not change on days 1 and 2 after surgery either in euglycemia or hyperglycemia (control period). There were not significant time or intervention effects or time ϫ intervention interaction for these hemodynamic or biochemical variables. All patients required exogenous insulin during the control and the euglycemic periods. Insulin administration was significantly lower during the control period than during euglycemia in both groups of patients studied according to protocols 1 and 2. There were not significant time effects or time ϫ intervention interaction for insulin administration. Area under the curve of glucose concentrations was significantly lower during euglycemia than during the control period in both groups of patients studied according to protocols 1 and 2. There were not significant time effects or time ϫ intervention interaction for the area under the curve of glucose concentrations. Plasma glucose, insulin, and C-peptide concentrations, obtained at the end of the euglycemic and control periods in subjects assigned to protocols 1 and 2, were analyzed with repeated-measures analysis of variance with intervention (euglycemia/control) and time (day 1/day 2 after surgery) as the two factors. There were not significant time effects or significant intervention ϫ time interaction. Values of plasma glucose were near-normal during the euglycemic period (5.8 Ϯ 0.4 mmol/L) and were 70% Ϯ 15% greater at the end of the hyperglycemic control period. Plasma insulin concentrations were not significantly different at the end of the control or euglycemic periods, possibly because a greater insulin infusion during the intensive treatment period was matched by a greater endogenous insulin secretion secondary to hyperglycemia during conventional treatment. In fact, plasma C-peptide concentrations tended (p ϭ .07) to be lower during euglycemia than in the control period. The QUICKI index of insulin sensitivity (25) was improved (p ϭ .02) during the euglycemic period (0.29 Ϯ 0.01) in respect to the control period (0.27 Ϯ 0.01). Table 3 shows net balance of glucose across leg muscle calculated during the last 20 mins of the euglycemic and control periods. The rate of glucose uptake across leg muscle tended to be higher during euglycemia, without achieving statistical significance. Nonetheless, fractional glucose uptake across leg muscle (i.e., the ratio between the rates of glucose uptake and delivery to leg muscle) was significantly higher (p Ͻ .05) during euglycemia (16% Ϯ 4%) than during the conventional treatment (9% Ϯ 3%).
Whole Body and Leg Muscle Protein Kinetics. Plasma amino acid concentrations and L[ring-
2 H 5 ]phenylalanine tracer/tracee ratios in radial artery and femoral vein obtained at the end of the euglycemic and control periods in subjects assigned to protocols 1 and 2 were analyzed with repeated-measures analysis of variance with intervention (euglycemia/control) and time (day 1/day 2 after surgery) as the two factors. There were not significant time effects or significant intervention ϫ time interaction. Figure 4 shows pooled results of phenylalanine tracer/tracee ratios and concentrations in radial artery and femoral vein obtained during the last 20 mins of the euglycemic and control periods in protocols 1 and 2. Results show that the subjects were in steady-state conditions at the end of the euglycemic and control periods. Arterial L[ring-2 H 5 ]phenylalanine tracer/tracee ratio (mean Ϯ SEM) was significantly (p Ͻ .01) higher during euglycemia (0.0188 Ϯ 0.0013) than during the control period (0.0165 Ϯ 0.0009). Consequently, whole body phenylalanine rate of appearance from whole body proteolysis was significantly lower during euglycemia than during the control period (mean change from control period, Ϫ0.14 Ϯ 0.03 mol·kg Ϫ1 ·min Ϫ1 ) (Fig. 1) . Femoral venous L[ring-2 H 5 ]phenylalanine tracer/ tracee ratios during the euglycemic and control periods were 0.0152 Ϯ 0.0011 and 0.0141 Ϯ 0.0008, respectively. Arterial phenylalanine concentrations were not significantly different during the eu- glycemic and control periods ( Table 2) . During the control period, net balance of phenylalanine was significantly lower than zero, indicating a negative balance of muscle protein (Table 3) . During euglycemia, values of phenylalanine balance significantly changed from a value that indicated net release to a value that was not significantly different from zero (Ϫ3 Ϯ 3 nmol·100 mL Ϫ1 ·min Ϫ1 ). Figure 2 shows the rates of leg muscle protein synthesis and degradation during the control and euglycemic periods. Muscle protein synthesis was significantly stimulated by euglycemia (mean change from control period, 21 Ϯ 6 nmol phenylalanine·100 mL Ϫ1 ·min Ϫ1 ), whereas rate of protein degradation was not significantly different during the two experimental periods (mean change from control period, 13 Ϯ 7 nmol phenylalanine·100 mL Ϫ1 ·min Ϫ1 ).
Leg Muscle Amino Acid Metabolism.
Euglycemia as compared with hyperglycemia was associated with higher arterial leucine (18% Ϯ 7%), glutamine (9% Ϯ 3%), and arginine (26% Ϯ 14%) concentrations (Table 2) . Glucose control did not change ADMA or SDMA arterial concentrations. Glutamine net balance was significantly lower than zero during both the control and euglycemic periods, indicating constant release of this amino acid from skeletal muscle (Table 3) . Net glutamine release was significantly greater during euglycemia than in the control period (Table 3) . Leucine net balance across leg skeletal muscle was not different from zero during the two experimental periods (Table 3 ). Figure 3 shows the effect of glucose control on calculated values of glutamine de novo synthesis and of nonprotein leucine disposal across leg muscle, an index of muscle leucine oxidation. Euglycemia led to a significantly greater glutamine de novo synthesis rate in skeletal muscle (mean change from control period, 54 Ϯ 23 nmol·100 mL Ϫ1 ·min Ϫ1 ). Muscle nonprotein leucine disposal was significantly lower during euglycemia (mean change from control period, Ϫ19 Ϯ 6 nmol·100 mL Ϫ1 ·min Ϫ1 ). Values of net balance of arginine, ADMA, and SDMA are shown in Table 3 . Glucose control did not affect arginine, ADMA, and SDMA release from skeletal muscle. Nonetheless, arginine release from skeletal muscle was significantly lower than zero only during the hyperglycemic control period. Rates of ADMA and SDMA release from leg skeletal muscle were significantly different from zero (except for ADMA release during the control period). Muscle proteolysis correlated with rates of ADMA release in euglycemia (n ϭ 8, r ϭ Ϫ.73, p ϭ .03) and with rates of SDMA release in the control period (n ϭ 8, r ϭ Ϫ.70, p ϭ .05); an inverse correlation is due to the fact that muscle proteolysis and net release of ADMA and SDMA from leg muscle are, conventionally, positive and negative figures, respectively).
DISCUSSION
Cancer and surgical stress interact to aggravate insulin resistance, hyperglycemia, muscle protein catabolism, and amino acid depletion (4, 18 -20) . We compared the effects of insulin-mediated tight glycemic control and of moderate hyperglycemia, resulting from traditional insulin treatment, on kinetics of protein and selected amino acids in skeletal muscle of female cancer patients receiving total parenteral nutrition after major surgery. Patients received 24 hrs of intensive and conventional insulin treatment on the first and second days after surgery in randomized order. We found that euglycemia as compared with hyperglycemia was associated with: a) stimulated muscle protein synthesis leading to neutral net protein balance, b) lower muscle nonprotein leucine disposal (an index of leucine oxidation) leading to higher plasma leucine concentrations, c) higher de novo muscle glutamine synthesis leading to higher plasma glutamine concentrations, d) higher plasma arginine concentrations by extramuscular mechanisms, e) no changes of muscle release or plasma concentrations of the methylated arginines ADMA and SDMA.
Plasma glucose concentrations were near-normal during the euglycemic period (i.e., about 6 mmol/L) and moder- ately elevated during the control period (i.e., about 10 mmol/L). Plasma insulin levels were not significantly different during the two experimental periods. Thus, a greater insulin infusion during the intensive treatment period was possibly matched by a greater endogenous insulin secretion associated to greater plasma Cpeptide caused by hyperglycemia during the conventional treatment period. Differences in plasma glucose levels in the two experimental conditions were much greater than those in insulin concentrations. This clearly indicates that 24 hrs of tight plasma glucose control directly improved insulin sensitivity in our patients. When the quantitative insulin sensitivity check index (25) was calculated from plasma insulin and glucose values, we found that insulin action was significantly improved during euglycemia by 8% Ϯ 3%. In addition, fractional muscle glucose uptake (i.e., rate of leg glucose uptake divided by rate of arterial leg glucose delivery) was significantly greater after intensive insulin treatment. These data are in agreement with previous results in patients with diabetes mellitus showing that insulin-mediated euglycemia directly improves insulin sensitivity and rapidly decreases insulin requirement to maintain euglycemia (27) . Patients were clinically stable during the two study days. However, to prevent potential effects of time-related changes of muscle metabolism after surgery, the euglycemic period either preceded (protocol 1) or followed (protocol 2) the hyperglycemic control period. For example, whereas values of leg plasma flow tended to be higher by 40% Ϯ 24% during day 1 than during day 2 after surgery (Table 1) , their averages virtually did not change during the euglycemic and control periods (mean change from control period, 0.2 Ϯ 0.4 mL·min Ϫ1 ·100 mL Ϫ1 ). A major finding of this research was that, after 24 hrs of insulin-mediated euglycemia, the rate of glutamine release from skeletal muscle was Ͼ100% greater than during the conventional treatment period. These changes were presumably due to increased de novo net synthesis of glutamine, assuming no changes in intracellular-free glutamine pool. Plasma glutamine levels changed in parallel to muscle glutamine release, suggesting a cause-effect relationship. In skeletal muscle, glucose serves as the precursor for the carbon skeleton of glutamine. After glycolysis, pyruvate dehydrogenase is the key enzyme responsible for the entrance of pyruvate in the tricarboxylic acid cycle and for providing precursor for glutamine synthesis. The importance of this pathway in critically ill patients is demonstrated by the fact that activation of pyruvate dehydrogenase through dichloroacetate infusion increased intramuscular glutamine concentration, presumably by increasing synthesis of the amino acid (28) . Pyruvate dehydrogenase is down-regulated in conditions of insulin deficiency or resistance (29) . Increased muscle availability of glucose during physiologic hyperinsulinemia accelerates glucose conversion to glutamine (12, 13) , whereas such rise in carbon transfer from glucose to glutamine was not observed in insulin-deprived diabetic subjects (11) . Taken together, these results suggest that an adequate insulin action is required to promote glutamine synthesis during increased glucose availability, whereas glutamine synthesis is downregulated during absolute or relative insulin deficiency in hypercatabolic patients.
The present study demonstrates that during parenteral feeding after major surgery for cancer, hyperglycemia is associated with muscle protein catabolism, despite an endogenous insulin response. In contrast, euglycemia is associated with neutral protein balance. Our data are in excellent agreement with those of Gore et al. (30) , who showed that net muscle protein catabolism is proportional with levels of plasma glucose in severely burned patients. In addition, we suggest that the mechanism of such anabolic effect of euglycemia with improved insulin sensitivity is completely accounted for by protein synthesis stimulation. Conversely, as expected (31), turnover rate of the essential amino acid phenylalanine, an index of whole body proteolysis, decreased by 11% in conditions of normal blood glucose as compared with hyperglycemia. Thus, the anticatabolic action of insulin-mediated euglycemia involves stimulation of protein synthesis in skeletal muscle and inhibition of proteolysis in extramuscular tissues, presumably within the splanchnic region. Leucine and the other branched-chain amino acids are largely oxidized in skeletal muscle. Their oxidation increases in critically ill patients. Our results show that during euglycemia, the rate of muscle nonprotein leucine disposal (an index of leucine oxidation) was 50% lower than during the hyperglycemic control period. This observation is consistent with other reports (32) showing that increased plasma glucose with relative insulin deficiency in diabetes is associated with activation of the branched-chain alphaketoacid dehydrogenase, which catalyzes the first step in the leucine oxidation pathway. A greater intracellular leucine availability caused by inhibition of leucine oxidation could have directly stimulated protein synthesis (33) during intensive insulin treatment and euglycemia. In addition, an increased insulin availability could have contributed to stimulate muscle protein synthesis in euglycemia (34) .
Arginine depletion has been previously observed in patients with critical illness (35) or cancer (36) . In agreement with data obtained in experimental diabetes (37), our results suggest that insulinmediated euglycemia was associated with greater plasma arginine concentration. These changes were mediated by extramuscular mechanisms because rates of leg arginine exchange were not affected by glycemic control. In critically ill patients, high ADMA levels have been associated with increased mortality (10) . We have shown (in our knowledge, for the first time) that ADMA and SDMA can be significantly released from leg muscle protein into the bloodstream, thereby contributing to plasma levels of these substrates when proteolysis is accelerated.
CONCLUSIONS
This study shows that in catabolic patients, skeletal muscle acts as a central effector during hyperglycemia, being at the same time villain and victim to high blood glucose and defective insulin action. During hyperglycemia with relative insulin deficiency, skeletal muscle greatly decreases its uptake of glucose from systemic circulation, thereby directly increasing blood glucose levels. Conversely, hyperglycemia with relative insulin deficiency promotes muscle wasting and blunted the ability of muscle to provide glutamine to extramuscular tissues. This latter effect could contribute to increased morbidity and mortality in poorly controlled critically ill patients and after surgery. Tight glycemic control optimizes skeletal muscle metabolism, leading to greater systemic availability of glutamine and leucine and to improved insulin sensitivity.
